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Abstract: Lithium manganese oxide spinel is an attractive 

material for lithium-ion battery cathodes due to its 3D 

network of lithium pathways within the structure.  

However, this material suffers from limited cyclability as a 

result of structural decomposition through extended 

lithium insertion and deinsertion cycling.  This is due to the 

energy barriers for removing lithium from the octahedral 

sites as well as the formation of Mn3+ ions via the Jahn-

Teller effect.  The use of the glycine nitrate combustion 

synthesis produces small particles at reduced time and 

temperature during the calcining step of the synthesis 

process, which affords a uniform introduction of a Fe B-

site modifier of AB2O4. This work incorporates chlorine to 

form more polarized Metal-Cl bonds to assist with liquid 

to solid transfer of Li+ during the initial Fe-doping 

synthesis; this allows total production time to be achieved 

in less than 8 hours, preventing extended calcining times 

and at elevated temperatures which cause defect 

association leading to phase separation.  These 

electrochemical cells cycle between 4.5 V and 3.5 V at 1.0 

mA cm-2 (10 mA gactive
-1) and achieve over 250 cycles, 

maintaining 98% of original discharge at 71 mAh g-1. 

Additionally, when cycled to a deeper potential at 2.25 V 

the electrochemical cell delivered a capacity of 142 mAh g-

1 and is completely reversible without negatively impacting 

further cycling.  This performance allows for access to 

energy at extended cycling and across potential regimes. 
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Introduction 
High voltage lithium manganese oxide spinels have been 

utilized in cathode materials for lithium-ion batteries due 

to their affordability and low toxicity while maintaining 

reasonable capacity [1-3].  However, this spinel suffers 

from capacity fading as a result of structural degradation 

either through the Jahn-Teller distortion, alternative phase 

formation via non-stoichiometry, or loss of crystallinity [4-

6].  In an effort to combat these concerns, cycle life 

improvements have been achieved through stabilization of 

the spinel structure via transition metal doping on the B-

site of the AB2O4 lattice [7-15].  The transition metal iron 

is a suitable dopant because of its low toxicity, but 

primarily due to affordability.  Iron also has a high voltage 

redox couple of Fe3+ and Fe4+ at ~ 5.1 V allowing for high 

voltage applications [16-19]. Taniguchi and Bakenov 

demonstrate an increased capacity retention of LiMn2-

xFexO4 versus the undoped LiMn2O4 spinel over 100 cycles 

using a flame pyrolysis synthesis method [20].   

While B-site doping has improved cyclability, adding 

anion dopants could enhance cycle life in LixMn2-yFeyO4 

(LMFO).  Our group as well as other researchers have 

added chlorine and more commonly fluorine and 

demonstrated performance enhancements [9, 13-14, 21-

24].  However, many studies tend to coat the halide onto 

the surface of the spinel rather than incorporating it 

homogenously into the lattice.  Liu et al. prepared a 

homogenous LiMn2O4-zClz material via a citrate gel 

method that demonstrated promising results [24].  

Unfortunately only 10 charge/discharge cycles were 

reported.  With regard to fluorine addition, Son and Kim as 

well as Amatucci et al. show an improvement in capacity 

with fluorine doping, however the discharge capacity 

rapidly declines resulting in short cycle life [14, 23].   

This work intends to study the impact of adding the less 

common chlorine anion dopant on the cyclability of the B-

site doped LixMn2-yFeyO4 material.  By taking advantage of 

submicron ceramic synthesis, namely the glycine nitrate 

combustion process (GNP), we propose the capability for 

in-situ B-site doping and anion doping to synthesize the 

LixMn2-yFeyO4-zClz material. 

 

Experimental 
A glycine nitrate combustion method was used to 

synthesize iron doped chlorinated lithium manganese oxide 

spinel (LMFO-Cl).  Stoichiometric amounts of Li(NO3)  

and Mn(NO3)2∙4H2O (Alfa Aesar) with FeCl3 were mixed 

to incorporate both the iron and chlorine content then 

dissolved in DI H2O.  NH2CH2COOH (glycine, Alfa 

Aesar) was dissolved into the aqueous solution as a 

chelating agent in a 1:1 metal-ion to glycine ratio.  The 

solution was heated to 80°C until the water fully 

evaporated and a gel was formed.  The gel was heated 

further to 250°C when auto ignition occurs and formed a 

black ash.  The ash was collected and ground in a mortar 

and pestle and fired at 600°C for two hours to achieve the 

desired phase.   

Phase purity was determined using x-ray diffraction (XRD, 

Bruker D8 Advance, Cu-kα. chlorine content was 

determined from x-ray fluorescence spectroscopy (XRF, 

Bruker S2 Ranger) after firing for phase formation.  

Experimental button cells were assembled using a lithium 



anode separated from the cathode by a 0.01 cm nonwoven 

glass separator. LixMn2-yFeyO4-zClz cathode was fabricated 

by mixing together the active material, carbon, and 

polytetrafluoroethylene (PTFE) in an 85:10:5 by weight 

ratio, respectively. The cathode mixture was rolled to 0.04 

cm and dried in a vacuum oven.  A 0.075 cm thick lithium 

foil was cut using a 12.7 mm hole punch.  The cathode was 

cut into 1.0 cm2 discs of approximately 0.13 g.  The 

electrolyte used was 1 molar LiPF6 in a proportional 

mixture of diethyl carbonate, dimethyl carbonate, and 

ethylene carbonate. 

Cells were cycled with an ARBIN MSTAT4 battery cycler 

system controlled by MITS Pro software. The cells were 

charged and discharged from 4.5 V to 3.5 V, 4.5 V to 2.25 

V, or 4.75 V to 3.5 V. The charge/discharge rates were 

maintained at 1.0 mA cm-2 or 2.0 mA cm-2. A rest period 

of 15 minutes between charge and discharge cycles was 

used to allow for cells to achieve equilibrium on all 

experiments. 

 

Results and Discussion 
In order to confirm correct phase formation, XRD was 

performed on the LixMn2-yFeyO4-zClz cathode material after 

calcination.  Figure 1 shows the resultant diffraction 

spectrum as compared with the JCPDS file for LiMn2O4 

spinel (PDF 01-070-3120).  While a slight shift is expected 

due to the iron dopant, no additional peaks are detected, 

indicating relative phase purity with no secondary phases 

that may not participate electrochemically.   

 

 
Figure 1. X-ray diffraction results for LixMn2-yFeyO4-zClz 

cathode material as compared with JCPDS file (PDF 01-

070-3120) for LiMn2O4 spinel. 

 

The energetic nature of the ignition synthesis method or the 

calcination process could have resulted in loss of the 

chlorine dopant.  In order to address this concern, the 

LixMn2-yFeyO4-zClz cathode material was observed using 

XRF to confirm the maintenance of chlorine after the 

calcination to the correct phase is complete.  Figure 2 

shows the elemental components of the calcined material.  

Si, P, and S are expected background due to the polymer 

sample holder.  The Pd peaks are the signature of the Pd x-

ray source.  As expected, there is very high (off the chart) 

intensity for the Mn and Fe peaks.  Due to overlap, the Fe 

is confirmed by the Kb1 emission 7.06 keV.  Most 

importantly, the Cl peak is clearly discernable, showing the 

presence of chlorine in the LixMn2-yFeyO4-zClz material 

after calcination. 

 
Figure 2. X-ray fluorescence results for the LixMn2-

yFeyO4-zClz cathode material. 

 

Electrochemical measurements were performed on the 

LixMn2-yFeyO4-zClz cathode material opposite a Li metal 

anode and results are shown in Figures 3-5 for y = 0.195 

and z = 0.028.  In Figure 3, the coulombic efficiency and 

charge and discharge capacities are shown up to 250 

cycles.  Beyond 250 cycles the periodic shorting indicated 

by overcharge data points worsens.  However, the 

discharge capacity at cycle 250 is still greater than 98% of 

the original discharge capacity, demonstrating a very long 

cycle life.   

 

 
Figure 3.  Specific capacity (bottom) and coulombic 

efficiency (top) during 250 charge/discharge cycles of a 

LixMn2-yFeyO4-zClz experimental button cell where  

y = 0.195 and z = 0.028. 
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The periodic shorting shown in Figure 3 is not a desirable 

characteristic for cells in operation, but these shorts are a 

result of the laboratory scale cell fabrication.  The separator 

is a nonwoven glass separator that acts as a wick rather than 

a true separator that could prevent shorting through 

dendritic growth.  So the lithium can easily form whiskers 

and subsequent cycling can grow them long enough to 

short.  Once the short is alleviated, the cell returns to 

normal cycling behavior. 

A differential capacity curve was generated from the 

charge/discharge data at several cycles to observe the 

changes over time.  The resultant data is shown in Figure 

4.  The electrochemical peaks begin to shift in voltage and 

exhibit peak broadening.  This shift could be due either 

electrolyte degradation or a breakdown of the spinel 

structure of the cathode.  However, because the capacity 

remains intact through cycling, it is unlikely that the 

cathode is suffering from structural degradation.  LiPF6 

electrolytes are known to degrade at high voltages (greater 

than 4.5V) and is a well-known culprit for poor extended 

performance in high voltage lithium-ion battery cathodes 

[25-26].  Therefore, the spinel chemistry is demonstrated 

to be robust enough for extended cycling should a suitable 

electrolyte be used. 

 

 
Figure 4. Differential capacity curves for cycles 5, 10, 25, 

50, 100, 150, 200, 150, and 300 of a  
LixMn2-yFeyO4-zClz experimental cell for y = 0.195 and  

z = 0.028. 

 

Beyond 250 cycles, an attempt to discharge the 

experimental cell below 3.5 V to 2.25 V was made in order 

to determine if there is any vulnerability of the cell at this 

deep discharge.  This was performed at cycle 286 and is 

shown in Figure 5.  Cycles 299 and 300 cycled from 4.5 V 

to 3.5 V and are also shown in Figure 5. These cycles are 

comparable to the deeper discharge of cycle 286 in the 4.5 

V to 3.5 V regime, as expected.  However, the fact that 

cycles 299 and 300 exist is a testament to the ability of this 

chemistry to withstand significant lithium insertion and 

still continue to cycle in the normal operating regime at 

98% of original discharge capacity at 71 mAh/g.  During 

the deep discharge to 2.25 V at cycle 286, a discharge 

capacity of 142 mAh/g is achieved.  This is twice that of 

the upper voltage regime, as expected from the chemistry 

of inserting an additional lithium into the spinel cathode 

lattice. 

 

 
Figure 5. Charge (red) /discharge (blue) curves for cycles 

286, 299, and 300 of an LixMn2-yFeyO4-zClz experimental 

cell for y = 0.195 and z = 0.028.   A solid line indicates 4.5 

V to 3.5 V cycling, and dashed lines indicates a full deep 

discharge to 2.25 V at 2.0 mA/cm2.   

 

Conclusions 

A high voltage capable LixMn2-yFeyO4-zClz spinel cathode 

material was synthesized using very fast processing times 

taking advantage of the high energy precursor formation 

from the glycine nitrate combustion reaction.  This allowed 

for a very short 2 hour calcination at just 600 °C to form 

the correct phase while retaining the chlorine addition.  

Testing this LixMn2-yFeyO4-zClz cathode material in an 

electrochemical cell opposite a lithium metal anode 

resulted in excellent cycle life up to 250 cycles and beyond 

with greater than 98% of the original discharge capacity.  

Future work would include incorporating a more robust 

separator as well as a high voltage electrolyte that will not 

degrade at advanced cycling at high voltages.  More 

research is needed for selecting the appropriate high 

voltage electrolyte for this system.  Should an adequate 

electrolyte be used in addition to a separator that can 

prevent dendritic shorts, an even greater cycle life of this 

LixMn2-yFeyO4-zClz cathode chemistry may be realized. 
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